Background. Clostridium difficile is a major cause of nosocomial diarrhea, with 30-day mortality reaching 30%. The cell surface comprises a paracrystalline proteinaceous S-layer encoded by the slpA gene within the cell wall protein (cwp) gene cluster. Our purpose was to understand the diversity and evolution of slpA and nearby genes also encoding immunodominant cell surface antigens.
pathogen and the success of the host defense. Both factors are influenced by the outer surface of the bacterial cell, which is under strong immune selection for high antigenic diversity and rapid evolutionary change. As this process can quickly transform the epidemiology of an infection [1, 2] , it is important to understand bacterial antigenic repertoires and the mechanisms by which they evolve.
The high diversity of genes encoding cell surface antigens can preclude their large-scale characterization by conventional Sanger DNA sequencing, since to be performed at high throughput this technique requires prior knowledge of gene content and nucleotide sequence. Recent advances in DNA sequencing technology [3] offer many new opportunities to clinical microbiology [4] , including the chance to understand the diversity and evolution of previously intransigent species. An example is Clostridium difficile, a Gram-positive sporulating anaerobe that has become an important nosocomial and community-acquired human pathogen [5] . The loci encoding 2 of its major cell surface antigens exhibit high genetic diversity between strains [6, 7] , but they have only been investigated on a small scale [7, 8] .
C. difficile infections (CDIs) range in severity from mild diarrhea to pseudomembranous colitis and toxic megacolon, with a crude 30-day mortality that can exceed 30% [9] . C. difficile virulence is multifactorial and includes variable toxigenicity and transmissibility [10] . Two hypervirulent strains ( polymerase chain reaction [PCR] ribotypes 027 and 078) associated with poor clinical outcome have been identified in recent years [11, 12] . However, the contribution of the outer cell surface to C. difficile virulence is poorly understood.
C. difficile is one of many bacterial species surrounded by a paracrystalline S-layer, which self-assembles from multiple copies of a single protein [13] . The C. difficile S-layer is encoded by the slpA gene, located within a 36.6-kb cell wall protein (cwp) gene cluster [14] . Bacterial S-layers are in many cases glycosylated, a post-translational modification that is encoded by a characteristic gene cluster located near the Slayer gene [15] . However, neither genetic nor phenotypic evidence of S-layer glycosylation has been found in C. difficile to date [14, 16] .
The C. difficile S-layer protein is an immunodominant antigen, activating both innate and adaptive immunity, and providing the basis for C. difficile serological typing [17] [18] [19] . The S-layer precursor protein is cleaved after translation into high-molecular-weight and low-molecular-weight (LMW) fragments [8] . The LMW fragment exhibits extremely high genetic diversity between serogroups, which consequently lack immunological cross-reactivity [6, 8, 13] . Within a serogroup, the slpA nucleotide sequences show little variability [19] . These observations are consistent with mathematical models predicting that intense immune selection will polarize strains into distinct, non-cross-reactive antigenic types [20] . A second major C. difficile cell surface antigen is Cwp66, an adhesin that is also a member of the cwp cluster, exhibits high genetic diversity, and elicits a strong immune response [7, 21] . Both Cwp66 and S-layer proteins are exported from the cell by a secretory system, the specificity of which is redirected by the protein SecA2 [22] . SecA2 is encoded within the cwp cluster between cwp66 and slpA [14] ( Figure 1A ).
Meaningful investigation of the diversity and evolution of bacterial antigenic determinants requires the rational choice of representative isolates. This is facilitated by combining molecular epidemiology and clinical phenotype data with population structure information [23] . We used this approach to select isolates for detailed genomic analysis [3] to discover the extent of cwp cluster genetic diversity and investigate how the cwp cluster evolves within the species.
METHODS

Isolates and Genotyping
Isolates were cultured from C. (Table 1) . Primary culture and genotyping by multilocus sequence typing (MLST) and PCR-ribotyping were performed as described elsewhere [24] . The notation ST1 [4] was adopted to indicate ST1[S-layer cassette variant], and ST1 (027) was adopted to indicate ST1 (PCR ribotype).
DNA Sequencing
DNA was extracted from bacterial cells that had been cultured anaerobically on Columbia blood agar for 48 hours at 37°C, using commercial kits (FastDNA, MP Biomedicals, CA; QuickGene, Fujifilm Europe, Dusseldorf, Germany; or QIAamp, Qiagen, Hilden, Germany). DNA was sequenced using Illumina (San Diego, CA) sequencing-by-synthesis technology [3] , frequently referred to as "next-generation DNA sequencing." A combination of standard Illumina and in-house protocols were used to produce multiplexed paired-end libraries with an average insert size of approximately 200 bp. Twelve-plex pooled libraries were sequenced on the Genome Analyzer II (GAII) or GAIIx platforms to produce 51 bp or 100-108 bp reads, respectively, and 96-plex pooled libraries were sequenced on the HiSeq2000 platform to produce 99 bp or 100 bp paired reads.
De Novo Assembly of Sequence Data
All genomes were assembled de novo using Velvet [25] . Velvet Optimiser was used to determine optimal parameter values. Assemblies had an average of 703 contigs. We assembled the genomes de novo, without using a reference genome template, so that insertions and deletions would not be missed and regions of high genetic diversity would be assembled correctly.
Analysis of Whole-Genome and Partial-Genome Sequences
A total of 57 isolates were chosen for detailed phylogenetic analysis; they represented the 5 clades of the C. difficile population structure and a range of recognized clinical phenotypes [10] [11] [12] 23] . A whole-genome Neighbor-joining tree was constructed as follows, on the basis of de novo sequence assemblies. BLAST was used to search the 57 genomes for 3742 genes previously annotated in CD630 [14] . A total of 1639 of these genes were found to be present (with ≥90% sequence coverage) in all 57 genomes, and these sequences were used to build the tree ( Figure 1C ). The entire de novo genome assemblies were uploaded into a Bacterial Isolate Genome Sequence Database (BIGSdb) [26] . BIGSdb allows simultaneous BLAST searching of user-defined loci in the genome assemblies of multiple isolates. In this way, open reading frames (ORFs) of interest, such as slpA, were tagged, extracted, and then aligned using ClustalW [27] . Neighbor-joining trees were then constructed from this alignment, using MEGA version 4 [28] .
The 24-kb insertion of S-layer cassette 11 was translated using BioEdit Sequence Alignment Editor [29] and Artemis genome browser and annotation tool [30] . A BLAST search of the predicted translation products against GenBank was used to identify related proteins, thus predicting functions of the ORFs and the species in which they occurred ( Table 2) .
The Artemis Comparison Tool (ACT) [31] was used to represent the relative position of the genes in the reference genome CD630 [14] and in a genome containing the glycosylation cluster (Figure 3 ).
Analyses Using a Reference-Anchored Multiple Alignment
Each de novo assembled genome was aligned separately against the reference genome CD630 [14] by using progressive Mauve [32] , and reference-anchored alignments were extracted and combined to produce a multiple-way alignment of all genomes, in which each alignment column corresponded to a genomic position of CD630. The density of polymorphic sites in the part of this alignment corresponding to the cwp cluster of CD630 was computed. Distributions of polymorphisms between pairs of isolates were plotted along the whole CD630 genome, using DNAplotter [33] (Figure 4A ), and around the cwp cluster ( Figure 4B ). Ratios of nonsynonymous-to-synonymous mutations (dN/dS) were calculated for selected genes of the cwp cluster on the basis of the reference-anchored alignment, using the method of Nei and Gojobori [34] .
Nucleotide Sequence Accession Numbers
The 57 genomes that underwent detailed phylogenetic analysis (Table 1) were submitted to the EBI short read archive under the project accession number ERP001417, available at http:// www.ebi.ac.uk/ena/data/view/ERP001417. Accession numbers for individual genomes are listed in Table 1 . The annotated DNA sequence containing the putative S-layer glycosylation gene cluster (Figure 3 ) was submitted to EMBL (accession number HE980331).
Ethics Statement
This study included bacterial isolates for which no corresponding patient data were used. However, the isolates were collected without written informed consent as part of a larger study of C. difficile transmission across the health economy, for which ethical permission was obtained from the Berkshire Ethics Committee (10/H0505/83) and the UK National Information Governance Board (8-05(e)/2010).
RESULTS
Choice of Isolates and Genomes
Whole-genome sequences (WGS) were available for 1085 recent clinical isolates (1001 from Oxford and 84 from Leeds) and 5 PCR-ribotype reference isolates (Table 1) . Genotyping was performed by MLST; the sequence types (STs) were determined by conventional MLST [23, 24] or were extracted from WGS using BIGSdb [26] . STs were consistent by both methods. The slpA gene of each isolate was also extracted from WGS by using BIGSdb, or it was identified from its genetic context within the cwp cluster if it was genetically divergent from known sequences ( Figure 1A ) [14] . The genotype and slpA sequence data were used to choose 57 isolates for detailed phylogenetic study (Table 1) . Isolate choice was based on 2 considerations. First, isolates were chosen to represent known characteristics of different genotypes, including the spectrum of virulence and clinical prevalence [11, 12, 35, 36] and their evolutionary context within the C. difficile population structure [23] . Second, if a ST occurred with >1 highly genetically divergent slpA variant, a representative of each combination was included. Hence, 6 STs with 2 highly divergent slpA variants and 4 STs with 3 slpA variants were included (Table 1) .
cwp Cluster Genetic Diversity
The diversity of the cwp cluster and flanking region (total, 63.5 kb; Figure 1A ) was examined using a nucleotide sequence C. difficile was found as the closest species match to 3 ORFS. However, although the low level of amino acid identity indicates a similar function for the ORF (eg, an alternative rhamnose pathway in the case of rmlD), the 3 ORFs were widely dispersed in the CD630 reference genome [14] . Thus, these low-level matches do not indicate the presence of another putative S-layer glycosylation cluster. Putative functions of the predicted ORFs were inferred using the entire results of the BLAST query, rather than just the closest match shown in Table 2 .
Abbreviations: nt, nucleotide; ORF, open reading frame. a Numbered as in Figure 3 .
alignment generated from the 57 isolates and reference strain CD630 [14] . Diversity peaked across the central approximately 10 kb, which included cwp66, secA2, and slpA ( Figure 1B) . The ratio of nonsynonymous to synonymous point mutations (dN/dS) was equal to 1.03 in the outer LMW fragment of the S-layer protein, indicating a strong relaxation of the purifying selection at work elsewhere in the genome.
Phylogenetic Relationships
The phylogeny of the 58 isolates based on the core genome (genes common to all) showed the same 5 clades of the population structure as determined using MLST data ( Figure 1C ) [23] . This structure was also preserved in genes flanking the cwp cluster. However, with increasing proximity to the cwp66, secA2, and slpA genes, an entirely different interstrain relationship emerged. A neighbor-joining tree for the slpA gene of the 57 isolates and CD630 identified 12 distinct clusters ( Figure 1D ), rather than the usual 5 clades. Furthermore, neighbor-joining trees for the cwp66 adhesin and secA2 translocase clustered these 58 isolates identically to slpA (Figure 2A and 2B). These data suggest that slpA, cwp66, and secA2 coevolve as an approximately 10-kb gene cassette, which has at least 12 genetically divergent variants. Most variants of this S-layer cassette occurred in multiple clades, indicating independent dispersal of the cassette throughout the C. difficile population by frequent horizontal genetic exchange. Only 2 isolates (ST11(078) and ST11(193)) contained a hybrid cassette comprising the cwp66 gene of one cassette and the secA2 and slpA genes of another ( Figure 1D and Figure 2A and 2B). A comparison of cwp cluster sequences from 4 genomes (ST1 (027), ST3(001), ST37(017), ST54(012)) with older isolates of the same ST and S-layer cassette [14, 37] indicated a very low rate of point mutation accumulation over time.
Glycosylation Gene Cluster
A novel insertion of 23.8 kb containing 19 predicted ORFs was identified within one of the S-layer cassettes (variant 11, associated with 11 STs; Figure 3 ). The insertion represented a putative S-layer glycosylation gene cluster, encoding enzymes required to initiate, extend membrane translocate and ligate a glycan chain to a substrate molecule (Table 2) . These components are typical of the 4 S-layer glycosylation gene clusters described to date, which are found in nonpathogenic Gram-positive bacilli [15] . No such clusters have been described in Clostridium species. The putative C. difficile S-layer glycosylation cluster exhibited detectable amino acid sequence homologies with 2 of the Bacillus species S-layer glycosylation gene clusters (Supplementary Figure 1 ) [15] . The order of 2 cwp cluster genes flanking the 23.8-kb insertion (cwp66 and CD2790) was reversed, and the gene cwp2 was deleted (Figure 3 ), bringing together the 3 genes (cwp66, secA2, and slpA) of the S-layer cassette. The slpA gene of cassette 11 was also uniquely short, at 611 amino acids, compared with 720 amino acids for CD630. Cassette 11 occurred in 3 different clades (1, 2, and 3), indicating that horizontal genetic exchange had occurred involving a DNA fragment at least 34 kb containing cwp66, secA2, slpA, and the associated glycosylation cluster.
Scale of Recombination Events
The uniqueness and scale of the recombination events causing S-layer cassettes to be exchanged were visualized at the chromosome level for selected pairs of isolates ( Figure 4A) . By comparing the polymorphisms between the cwp clusters of these otherwise closely related pairs, the size of the recombination events was inferred as 12.9-35.2 kb ( Figure 4B) . A region of approximately 12 kb containing the S-layer cassette was identified, which remained unbroken ( Figure 4B ). This is consistent with the congruence of neighbor-joining trees for cwp66, secA2, and slpA ( Figure 1D ), further supporting the genetic coevolution of these loci as 12 independently reassorting S-layer cassettes.
DISCUSSION
Although evolutionary changes in immunodominant cell surface antigens are likely critical to host-pathogen interactions, the extremely high level of genetic polymorphisms in the C. difficile slpA and cwp66 genes has precluded large-scale population-wide comparisons by conventional Sanger sequencing. We have overcome this limitation by using newly available DNA sequencing methods [3] to determine whole pathogen genome sequences. These data have confirmed the existence of 5 clades in C. difficile and identified 12 stable variants of the approximately 10-kb S-layer cassette. The cassettes contain the highly diverse ( Figure 1B ) and functionally interrelated slpA, cwp66, and secA2 genes [6, 7, 22] . Unexpectedly, Figure 3 . Annotation of the putative S-layer glycosylation cluster within ST5 relative to the reference genome CD630 [14] . The annotation of CD630 is shown at the top, and the location of each CD630 gene in the ST5 genome is shown using grey blocks. Color has been used to highlight the glycosylation cluster insertion, the rearrangement of the 2 flanking open reading frames (ORFs), and the deletion of cwp2. Annotation of the genes in the glycosylation cluster is given at the bottom. Numbers 1-19 indicate the ORFs of the glycosylation cluster as in Table 2 . the clades and S-layer cassettes associated randomly, effectively behaving as independent components of the genome in linkage equilibrium (Figure 1 ). The underlying mechanism is the genetic replacement of one S-layer cassette with another by homologous recombination involving DNA fragments of 12-35 kb (Figure 4) . We refer to this process as S-layer switching because it parallels polysaccharide capsular switching in other bacterial species [1, 2] . Both S-layer and capsular switching result in major antigenic shifts, while the remainder of the genome is unchanged.
The extreme genetic diversity between S-layer cassettes contrasts with the low rate of point mutation accumulation within each cassette, with isolates of the same variant showing very little diversity. These observations are consistent with well-established mathematical models of strong immune selection [20] , which predict that the collective immune responses of the host population shape pathogen antigenic diversity into nonoverlapping, independently transmitted antigenic types. Such models predict that intermediate antigenic types that cross-react serologically will be lost from the population through competitive exclusion. The high diversity of the slpA and cwp66 genes and higher dN/dS ratio for the LMW S-layer domain are consistent with this region being under intense diversifying selective pressure. In addition to host immunity, the high selective pressure may also reflect the need for successful strains to avoid bacteriophage attack [38] .
An interesting question is whether there is any evidence of association between S-layer cassette and hypervirulent phenotype. We found that the S-layer cassettes of ST1(027) (a major hypervirulent strain identified in 2005 [11] ) and ST3(001) (a previous United Kingdom epidemic strain [39] ) were very closely related ( Figure 1D ), consistent with previous reports [36] . However, this S-layer cassette also occurred in a third clinically abundant genotype, ST10(015), and in 2 clinically rare genotypes ( Figure 1D , and Figure 2 ; unpublished data) [35] . The fact that 3 clinically important genotypes share closely related S-layer cassettes suggests that the hypervirulence of ST1(027) may be influenced but not solely conferred by this feature. The S-layer cassette of the more recently identified hypervirulent ST11(078) [12] is noteworthy since it represents the only example of a hybrid cassette; its cwp66 gene is homologous to cassette 2 cwp66, and its slpA and secA2 genes are similar to those of cassette 6 ( Figure 1D and Figure 2 ). On the basis of nucleotide sequence data, this hybrid would be predicted to cross-react immunologically with its 2 parent cassettes [7, 19] . This contradicts model predictions [20] that cross-reactive variants should be removed from the population by competitive exclusion. The hybrid was also found in clinically rare ST11(193) [35] , which may have evolved from ST11 (078) ( Figure 1C ). Its separate cwp66 and secA2/slpA elements were closely related to variants found in nonhypervirulent STs ( Figure 1D and Figure 2A and 2B), arguing against a role for the hybrid cassette in the hypervirulent phenotype of PCRribotype 078. However, the recombination affecting the ST11 (078) S-layer cassette seems to have occurred relatively recently because the chromosomes of the ST11 genomes showed few differences outside this region (Figure 4 ). This recombination may be coincident with the emergence of ST11(078) as a causative agent of severe CDI. Overall, our data do not exclude the possibility that S-layer variants can affect clinical phenotype.
This study contradicts previous smaller studies suggesting that traditional genotyping predicts antigenic type [36, 40] . By including a large number of genomes (1090, of which 1085 were from recent clinical isolates) in our initial screen, we were able to demonstrate that isolates sharing the same ST and PCR-ribotype can carry multiple distinct S-layer cassettes. For example, PCR-ribotype 015 was found in association with 4 different S-layer cassettes, and 4 STs (ST3, ST11, ST41, and ST54) occurred with 3 different S-layer cassettes ( Figure 1 and Table 1 ). This demonstrates that the rate of S-layer switching exceeds the rate at which new genotypes (as defined by PCR ribotype or ST) are generated. It also establishes conclusively that genotype is an unreliable predictor of antigenic type. Our observations have important implications for the way in which isolates and subsequently antigens are identified for potential inclusion in C. difficile vaccines and for the development of C. difficile phage therapy [41] .
The use of de novo assembled sequences in this study (rather than reference-based assemblies) revealed an unexpected insertion of approximately 24 kb in one S-layer cassette (variant 11). Its 19 ORFs were predicted to encode all of the components that characterize an S-layer glycosylation cluster ( Figure 3 ) [15] , including a rhamnose biosynthesis pathway [42] . This sugar is unique to bacteria and therefore represents an attractive drug target. The genes flanking cassette 11 were swapped, bringing together the 3 genes cwp66, secA2, and slpA ( Figure 3) . The 19 ORFs of the insertion were present and intact in all 11 STs in which it was found, which represented 3 of the 5 clades. This suggests that its approximately 34-kb sequence participates in S-layer switching as a single genetic element (Figure 4 ). S-layer cassette 11 is so unusual that it may have originated in a distinct and as yet unidentified species and then incorporated into the C. difficile chromosome by interspecies recombination. This is the first description of a putative S-layer glycosylation gene cluster in a Gram-positive human pathogen or in any Clostridium species. It may significantly alter the characteristics of the outer cell surface, with potentially important effects on antigenicity, antibiotic permeability, and virulence.
Our findings demonstrate the novel insights to be gained by exploiting WGS for the cross-population analysis of important bacterial pathogens. Knowledge of the evolutionary process of S-layer switching could help explain temporal changes and geographic differences in the epidemiology of CDI [35, 43] and will potentially influence future genotyping schemes, as well as therapeutic and vaccination strategies. Further insights into the impact of C. difficile evolution on the epidemiology of this clinically important human pathogen will require longitudinal isolate collections from different geographical areas, concomitant with changes in incidence and the clinical severity of CDI.
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